Leaf senescence is not a chaotic breakdown but a dynamic process following a precise timetable. It enables plants to economize with their resources and control their own viability and integrity. The onset as well as the progression of leaf senescence are co-ordinated by a complex genetic network that continuously integrates developmental and environmental signals such as biotic and abiotic stresses. Therefore, studying senescence requires an integrative and multi-scale analysis of the dynamic changes occurring in plant physiology and metabolism. In addition to providing an automated and standardized method to quantify leaf senescence at the macroscopic scale, we also propose an analytic framework to investigate senescence at physiological, biochemical, and molecular levels throughout the plant life cycle. We have developed protocols and suggested methods for studying different key processes involved in senescence, including photosynthetic capacities, membrane degradation, redox status, and genetic regulation. All methods presented in this review were conducted on Arabidopsis thaliana Columbia-0 and results are compared with senescence-related mutants. This guideline includes experimental design, protocols, recommendations, and the automated tools for leaf senescence analyses that could also be applied to other species.
Introduction
Senescence in annual plants is described as the essential last developmental stage aimed at recycling and reallocation of valuable resources to actively growing organs. When plants are confronted with drastic stresses, senescence can also be an exit strategy to ensure the most optimal survival chances for its offspring. However, senescence is not a chaotic breakdown but a highly complex and dynamic process, following a precise timetable driven by genetic, developmental, and environmental factors (Jansson and Thomas, 2008) . Senescence can thus be affected in different ways: in the onset and/or in the intensity and the rate of progression. As senescence is a relatively long process, it can be conceptually divided into three phases: initiation, reorganization, and termination.
The onset of senescence is the consequence of a constant integration between intrinsic and environmental signals at cellular, tissue, and organ levels. Generally, plants grow continuously until they reach a maximum size, after which senescence can occur (Thomas, 2013) . Without exogenous stress input, leaf senescence mainly depends on two endogenous parameters: leaf age and developmental stage at the wholeplant level . In Arabidopsis thaliana, the initiation of senescence usually coincides with the transition to flowering and is concomitant with cessation of vegetative meristem activity (Thomas, 2013) . However, senescence can be triggered and modulated by a wide variety of abiotic and biotic stresses such as drought, shade, and pathogen infection (Lim et al., 2007) . The timing of leaf senescence initiation is crucial: if it is too late, it would allow only partial and incomplete remobilization of nutrients, whereas if initiated too early, it would reduce carbon assimilation and nitrogen uptake (Malagoli et al., 2004; Masclaux-Daubresse et al., 2010) . The initiation of senescence is driven by multiple and co-ordinated signals through hormones, sugars, reactive oxygen species (ROS), and calcium (Lim et al., 2007) . At the molecular level, many different transcription factors (TF) are successively activated, forming a clear schedule of events taking place in the course of senescence. Almost 6500 differentially regulated genes have been identified via reversegenetic approaches and large-scale transcriptome profiling in A. thaliana senescence, grouped into 48 clusters according to their differential expression patterns, thus indicating the complexity of the regulatory network (Breeze et al., 2011) .
Senescence progresses until fruit development and maturation is finished and ends with the complete disintegration of leaf tissues (Hensel et al., 1993) . During the reorganization phase, the cells are subjected to an intensive restructuring, notable by the breakdown of macromolecules, e.g. chlorophyll (Chl), and the remobilization of salvaged nutrients. Breakdown of proteins involves many plastidial and nuclear proteases and regulators of their activities, but also dynamic protein trafficking to bring about the conversion of larger macromolecular structures into transportable and useful breakdown products (Diaz-Mendoza et al., 2016) . Moreover, chaperones can also play important roles during the reorganization phase, as for example in protein carbonylation leading to irreversible oxidation, and thereby to a loss of function of the modified proteins (Johansson et al., 2004) . However, the extensive degradation of macromolecules can lead to the accumulation of toxic intermediates and by-products, which have to be dealt with by the senescing cells. In particular, antioxidative enzymes, such as peroxidases and catalases, play a crucial role in detoxifying highly reactive compounds generated during degradation processes (Buchanan-Wollaston et al., 2003; Zimmermann et al., 2006) . Anthocyanin, a natural antioxidant, which has also been reported to protect against oxidative stress-induced damage, increases during senescence (He and Giusti, 2010) . Detoxification is essential as the nucleus as well as the mitochondria have to remain functional in order to maintain transcriptional control and to provide sufficient energy throughout the whole process. During the termination phase, the vacuoles are disrupted and collapse, thus releasing nucleases and proteases into the cytoplasm, which is then contracted and acidified. This leads to the gradual degradation of the cytoplasm, fragmentation of the nuclear DNA and the organelles, and the deterioration of the membranes (Kuriyama and Fukuda, 2002; Ondzighi et al., 2008) . Cell death is thus initiated, progressively leading to an irreversible loss of cell integrity (Zimmermann and Zentgraf, 2005) .
As senescence occurs in a progressive manner, its quantification throughout the plant life cycle needs reproducible and standardized methods in order to allow comparisons between genotypes and experiments. In addition, studying senescence requires an integrative multi-scale analysis of the dynamic changes occurring in different key processes. However, senescence phenotyping is still diverse, leading to low comparability of plant lines and experiments. Single time-point comparisons often clearly reveal that senescence is somehow disturbed, but they do not precisely indicate in which sense: the time-point of onset, the velocity of progression, or specific processes could be altered. Due to the lack of a general agreement on how senescence phenotyping should be conducted, we suggest a guideline that attempts to standardize leaf senescence analyses. In this review, we first propose an experimental design concerning environmental conditions, growth, and plant sampling for measuring key senescencerelated markers. We describe a complete set of methods to assess senescence at physiological, biochemical, and molecular levels. In addition, we provide a novel automated quantification of leaf senescence based on macroscopic colourimetric assays. These complementary analyses will allow an overview of the whole process to be gained, and thus provide an ability to decide whether the initiation, reorganization, and termination phases are differently affected. We conducted the senescence analyses using the widely used A. thaliana Columbia-0 (Col-0) genotype as an example, and as a proof of concept we compared the results of our current and previous experiments in senescence-related mutants. All methods and computing tools are described in detail and all protocols, including ImageJ and R scripts, are provided to serve as recommendations for measurements and data analyses.
General considerations for experimental design
Environmental growth conditions such as photoperiod, light intensity, ambient temperature, and nutrient availability are key factors when analysing plant growth. Therefore, choosing the growth conditions is of utmost importance in the experimental design of senescence phenotyping. Amongst these conditions, light plays a crucial role in plant development and leaf morphogenesis, but also in senescence initiation and progression (Biswal and Biswal, 1984; Vasseur et al., 2011) . In Arabidopsis, light can promote or retard senescence in a photoperiodic and dose-dependent manner (Nooden et al., 1996) . Here, we grew our plants in standard soil (9:1 soil and sand; see Supplementary Table S1 at JXB online) in long days (16 h day; 8 h night), low light (~70-80 µE m −2 s −1 at plant height), and an ambient temperature of 21 °C. Long days accelerate development (i.e. flowering time), while low light can lead to an extended period of senescence (Nooden et al., 1996) . This allows detailed analyses of all three different phases of senescence. A further advantage of plants grown under long days is a lower leaf number and thus less overlapping of the leaf blades within the rosette, compared with plants grown at photoperiods of 12 h or 8 h. This greatly facilitates the analysis of plant growth and quantification of senescence, especially at the whole-rosette level. In addition, to improve later image acquisition, the soil was covered with black sand to enhance the contrast between plant and soil and to reduce background noise. The timing of sampling and measurements is also a crucial point. We have established a precise design for sampling and measurements that allows analyses of both growth and senescence (Fig. 1) . Growth and development were non-invasively examined in all plants (80 in total) through measurements of rosette area and leaf number until the bolting stage (determined by macroscopic examination of flower buds). Stem and total silique dry mass were assessed every week from flowering time (first flower open) until first yellowish siliques stage (Fig. 1) . In parallel, leaf senescence was analysed weekly for five consecutive weeks, including the specific developmental hallmarks. Depending on the experiment, sampling can be done according to days/weeks after sowing or germination. However, plant development should be considered when comparing different plant lines with significant differences in their growth (e.g. different bolting times). In this case, sampling could be done at different defined developmental stages Fig. 1 . Flow chart of the senescence phenotyping guideline. The upper part presents the analysis of growth and senescence at the whole-plant level with non-invasive and invasive measurements. The lower part represents the senescence phenotyping at the leaf level taking into account leaf position (age) within the rosette. Black lines and asterisks indicate that the processing can be done later and the plant material can be frozen and stored at -80 °C. Red dashed lines indicate immediate processing is required. ACA can be done at both the whole-rosette and leaf levels non-invasively from photographs or invasively from scans.
such as bolting, flowering, or first silique shattered. In our conditions, Col-0 plants started to bolt and flower at approximately 19 and 28 d, respectively ( Fig. 2A-C) . Sampling was started when the plants reached their maximal rosette area at bolting time (week 3) and was continued until rosette, stem, and silique walls were almost completely senescent at approximately 50 d after sowing (week 7; Fig. 2A-C ). Sampling and measurements were done at the same time of the day to avoid circadian effects.
Senescence was evaluated at both the whole-rosette and leaf levels using different early and late markers involved in key senescence-related processes. Four plants were dissected each week to analyse senescence at the whole-rosette level by using Chl fluorescence (ChlF; i.e. photosynthetic efficiency, F v /F m ) and an automated colourimetric assay (ACA; Fig. 1 ). The other markers were assessed in individual leaves of 12 plants taking into account the leaf position (age) within the rosette (Fig. 1) . Since old and young leaves also show extensive differences in gene expression (Hinderhofer and Zentgraf, 2001; Zentgraf et al., 2004) , using the same leaf position for distinct measurements is crucial for reliable, reproducible, and comparable data. The leaves emerging after the cotyledons were numbered continuously from old to young, starting at the two first leaves and ending before the emergence of the cauline leaves, which are recognizable by their small and pointed leaf blade and lack of petioles (Steynen et al., 2001) . Leaf positions were labelled when the first leaves were fully expanded by marking each leaf with a coloured thread following a colour-code ( Fig. 1 ; Hinderhofer and Zentgraf, 2001) . After growth cessation, Col-0 rosettes displayed 10 leaves on average (Fig. 2B) , meaning that all senescencemarkers could routinely be analysed in the same plant but in different detached leaves (Fig. 1) . The decline of photosynthetic capacity, mainly occurring during the reorganization phase, was analysed by direct and indirect measurements of Chl levels via measurements relying on light transmittance through the leaves (atLeaf+ Chl meter), ChlF, and Chl extractions. These measurements were done consecutively in the same leaves but at two different leaf positions: position 5 and 10 (except for Chl extraction, only at leaf position 5). These young and middle-aged leaves allow the analysis of early and late effects of senescence on the photosynthetic capacity. Membrane deterioration was estimated by measuring electrolyte leakage (EL) and lipid peroxidation. For measuring EL, leaves at position 4 were used. These relatively old leaves were selected because membrane integrity is mainly affected during the termination phase of senescence. Membrane damage through lipid peroxidation is mostly driven by increased ROS production, which has been shown to be higher in young leaves than in old leaves (Bieker et al., 2012) . Hence, lipid peroxidation and total anthocyanin content were measured in two pools, each composed of six leaves at position 9. For the same reason, hydrogen peroxide (H 2 O 2 ) was quantified in leaves at position 8 to determine changes in the redox status during senescence. Finally, developmental gene regulation was analysed in leaves at positions 6 and 7, through expression of key senescence-related genes by quantitative real-time polymerase chain reaction (qRT-PCR) in two distinct pools by leaf position (composed of six leaves each). Leaf positions were chosen here in order to have enough material and to be able to compare expression levels to the reference transcriptome provided for leaf seven by Breeze et al. (2011) . Leaves at position 3 can be used to profile the activity of anti-oxidative enzymes such as catalases or ascorbate peroxidases. Leaves 11 and 12 were used as backups for other analyses. Methods and results are presented and explained in detail in the sections below. All protocols used are provided in the supplementary information. Quantifying leaf senescence based on the breakdown of photosynthetic capacity
The different methods to analyse the breakdown of photosynthetic activity specified below are complementary and describe different aspects related to Chl degradation during senescence. Applying all of them gives the most holistic view of this process; however, if specific instruments are not at hand, e.g. atLeaf+ Chl meter or ChlF imaging, these measurements can be skipped in favour of Chl extraction and ACA.
Chlorophyll content through extraction and relative measurements
Photosynthesis is gradually inactivated during senescence and accompanied by degradation of Chl. Total leaf Chl content is the most popular trait for characterizing senescence progression related to the photosynthetic capacity. In higher plants, two forms of pigments prevail, Chl a and Chl b, which are differently involved in light harvesting. Chl a is linked to energyprocessing centres of the photosystems (PS) whereas Chl b is considered an accessory pigment that transfers light energy to Chl a (Tanaka and Tanaka, 2006) . During senescence, the Chl a/b ratio gives a valuable indication of the underlying process of chloroplast degradation (Pruzinská et al., 2005; Sakuraba et al., 2012) . There are different methods to assess Chl levels in leaves. Traditionally, leaf Chl concentration is determined by spectrophotometric measurements of an 80% acetone extract. Absorbance is then converted to Chl concentration using standard equations derived from Arnon (1949; see Supplementary Protocol S1) . In addition to the quantification of total Chl amount, this method allows Chl a and b levels to be distinguished based on their distinct absorption peaks, at 662.6 nm and 645.6 nm, respectively. Chl concentrations can be normalized by fresh weight (FW) or by leaf area (i.e. mg Chl g -1 FW or mg Chl cm -2 ). Depending on plant growth conditions, Chl concentrations start to decrease at different time points during development. For example, decreased Chl levels have been shown at approx. 10 d after A. thaliana flowering under long days, 250 μmol m −2 s −1 light, 22 °C and 70% relative humidity (Breeze et al., 2011) . In our conditions, the total Chl concentration per unit FW was reduced by 27% one week after flowering (week 5 after sowing), parallel to an increased Chl a/b ratio (Fig. 3A) . While Chl a level stayed almost constant, a decline in Chl b content was observed. This phenomenon mainly results from the conversion of Chl b to Chl a during degradation (Ito et al., 1996) . During silique maturation (week 7), the Chl a/b ratio was reduced and returned to values close to 1, due to equally low levels of Chl a and b in fully senescent leaves (Fig. 3A) . In Arabidopsis, an increased Chl a/b ratio has also been shown during dark-induced senescence (Pruzinská et al., 2005; Sakuraba et al., 2012) . However, senescence can affect the Chl a/b ratio differently depending on the species. An increase at late senescence stages was shown in barley (Krupinska et al., 2012) , whereas a decrease occurred in Phaseolus vulgaris and Acer pseudoplatanus (Jenkins et al., 1981; Maunders and Brown, 1983) .
A handheld Chl meter, relying on light transmittance through the leaf surface, provides a convenient and non-invasive method to measure relative Chl content. Optical values obtained from Chl meters are highly correlated to extractable leaf Chl levels (Novichonok et al., 2016) . In principle, optical values can be directly converted into Chl content. Here, we used the atLeaf+ Chl meter, which measures leaf absorbance of both 660 nm (red) and 940 nm (near-infrared) wavelengths. Red light is strongly absorbed by Chl, whilst near-infrared light is used as a reference wavelength to compensate for differences in leaf structure, notably leaf thicknesses (Markwell et al., 1995) . A single measurement takes only a few seconds and the measuring device is small enough to use on the small leaves of Arabidopsis (bigger than 0.2 cm 2 ). As environmental and measurement conditions can substantially influence atLeaf+ readings, measurements should be standardized as far as possible. Moreover, the non-uniform Chl distribution that occurs in leaves during senescence also has to be considered. For reproducible measurements, the readings should be done with the same leaf orientation (i.e. abaxial side up) and repeated several times over the flattened surface of the whole leaf (e.g. from the tip to the base). The proportion of leaf veins in larger leaves has an influence on the light transmittance, and therefore primary and secondary veins should generally be excluded from the measurements (Uddling et al., 2007) . The timing of readings is also important as the diurnal chloroplast movements in response to light affect the degree of heterogeneity in the Chl distribution (Hoel and Solhaug, 1998) . Over the course of our study, 12 samples of detached leaves of both young and middle-age (positions 10 and 5, respectively) were analysed, and the atLeaf+ values could be converted into total chlorophyll content in mg cm -2 (http:// www.atleaf.com/SPAD.aspx). As expected based on their position inside the rosette, leaf 5 globally presented lower atLeaf+ values compared to leaf 10 over the time course of the experiment (Fig. 3B) . Leaf 5 displayed a significant decrease in atLeaf+ values one week after flowering, with reductions of 34% and 51% at weeks 5 and 6, respectively. Leaf 10 presented a lower decrease relatively to leaf 5, shown by a constant reduction (around 13%) until week 6 followed by a strong decline (Fig. 3B) . atLeaf+ values for leaf 5 were linearly and positively correlated to the extracted total Chl concentration (R 2 =0.82; P≤0.001). However, the relationship between atLeaf+ and the Chl a/b ratio was more complex and showed a curvilinear regression (data not shown). These two methods allow the time point of Chl breakdown to be defined as being during weeks 5 and 6 after sowing, and to schedule senescence initiation at flowering (week 4).
Chlorophyll fluorescence imaging
ChlF imaging, such as the pulse amplitude modulation (PAM) method, is also a widely used tool to assess photosynthetic status (Maxwell and Johnson, 2000) . This method provides a non-invasive evaluation of the efficiency of PSII to supply electrons to the photosynthetic machinery. It also has the advantage of being applicable at the whole-rosette or leaf levels in various different plant species (Murchie and Lawson, 2013) .
ChlF is based on the quantification of the light re-emitted in red wavebands by dark-adapted leaves, after having been subjected to a saturating flash. Amongst the ChlF parameters, the F v /F m ratio, reflecting the maximal quantum yield of PSII photochemistry, is used as a sensitive and rapid indicator of physiological status (Genty et al., 1989) . Senescence-or stress-induced damage to the photosynthetic apparatus leads to a reduction of F v /F m values (Maxwell and Johnson, 2000; Bresson et al., 2015) . F v /F m has been shown to be closely related to the leaf relative water content and the Chl a content (Woo et al., 2008; Filipovic et al., 2013) . Measurement of F v /F m is initiated by exposing dark-adapted leaves to a low modulated light beam to elicit a minimum value of ChlF, F 0 . Dark-adaptation of leaves is a crucial step and should last 15-20 min for Arabidopsis. F 0 represents the basal fluorescence when excitation energy is not being transferred to the PSII reaction centres. After dark adaptation, the application of a brief saturating flash induces a maximum value of ChlF, F m , which reflects the electron accumulation through PSII. The difference between F 0 and F m is the variable fluorescence, F v , and F v /F m is given by (F m -F 0 )/F m (Genty et al., 1989) . The settings for the light pulses are dependent on both growth conditions and the device used, and should be adjusted in order to reach F v /F m values of approximately 0.83 for healthy (fully green) plants. Values significantly under this threshold are indicative of an impaired physiological status, and under 0.3 the leaf tissues are considered as dead (Woo et al., 2008) . Our ChlF measurements were performed using the Imaging-PAM chlorophyll fluorometer and ImagingWin software application (Maxi version; ver. 2-46i, Heinz Walz GmbH; see Supplementary Protocol S2). The plants were dissected and leaves were fixed on the abaxial side with increasing age from left to right on black paper using double-sided tape. Data extraction from the ChlF images was done with an ImageJ (1.47v, Rasband, Bethesda, Maryland, USA) macro modified from Bresson et al. (2015) . False-colour images of F v /F m permit the visualization of the spatio-temporal progression of senescence in leaves (Fig. 3C ).
Senescence is often described as progressing from the leaf tip to the base with a bleaching gradient, but this is not a fixed rule. From our experience, senescence progression can be spatially heterogeneous within the leaf, starting for example from the margins or in some cases even from the base. When examining the mean F v /F m value of all detached leaves over time, it displayed a similar pattern as if only leaves at positions 5 and 10 were considered (Fig. 3C) . F v /F m dropped rather suddenly 6 weeks after sowing when senescence was clearly visible and Chl levels and atLeaf+ values were drastically reduced ( Fig.  3A-C) . In an independent experiment, ChlF was analysed in different lines delayed in their senescence progression, such as wrky53, rev5, and the double-knockout mutant wrky53rev5 (Fig. 3D ). WRKY53 is a well-known positive key regulator of age-induced leaf senescence while REVOLUTA (REV) has been recently identified as a direct and positive regulator of WRKY53 expression (Xie et al., 2014) . The plants were harvested according to their developmental stages from flowering until the first siliques started yellowing. Fig. 3D shows that the different mutants exhibited a significantly slower decline of F v /F m 10 d after flowering and reached equal F v /F m levels compared to Col-0 only during maturation of siliques. rev5 and wrky53rev5 presented an even more pronounced delay of senescence than wrky53, as previously shown by Xie et al. (2014) . Although ChlF is a powerful tool to discriminate senescence mutant lines, F v /F m appears to be a later marker during the reorganization phase compared to extracted Chl and atLeaf+ values. However, ChlF imaging allows the easy analysis of the F v /F m patterns of the rosette in a dynamic manner and the estimation of the switch points of leaf senescence, as shown for example in rev5 compared to Col-0 (see Supplementary Fig. S1 ).
Automated colourimetric assay (ACA)
Chl degradation is the earliest and most significant change that is visible to the naked eye. This is generally manifested by progressive leaf colour modifications from deep green to pale green, to yellow, and to brown (dry) as the final step. One of our former methods used to monitor senescence was to assign each leaf of the rosette to different categories according to its colour by visual inspection (e.g. green, green-yellow, yellow, and brown) and to calculate the proportion of each compared to the total leaf number . Although this method can provide a reliable measure, it can be somewhat subjective due to the difficulties to assigning a general colour to leaves presenting colour heterogeneity. To avoid bias in leaf colour assignment, we have developed an automated colourimetric assay, which allows clustering each pixel within a leaf depending on its colour (see Supplementary Protocol S3 and http://www. zmbp.uni-tuebingen.de/gen-genetics/research-groups/zentgraf.html). ACA allows the single colour categorization by leaf to be ignored by instead giving an accurate quantification of each colour percentage within the leaf. ACA can be used in a non-invasive manner at the whole-rosette level, or in detached leaves. Non-invasive application on whole-rosettes also allows pre-screening of many plant lines before starting with detailed phenotyping of selected lines, or even the use of automated phenotyping platforms. Here, the A. thaliana rosettes were dissected; leaf blades were separated from their petiole, sorted by age, stuck to black paper, and scanned. Zenithal photographs can be used but the image acquisition settings (especially the lighting) must be homogeneous within an image and constant over experiments. Scans of leaves usually offer the best homogeneity. Leaves were then individually separated in single images using a semi-automatic ImageJ macro (see Supplementary Protocol S3). After manual selection of a leaf, the analysis permitted the automatic separation of the region of interest from the background and also the labelling of pictures by plant identification and leaf position number. Using R scripts (R Development Core Team, 2009), ACA was designed to automatically extract information such as genotype and plant age as well as leaf and plant number on the basis of the file name. ACA is based on grouping of each pixel of a picture depending on its position in the hue saturation value (HSV) colour-space. The three-dimensional representation of the HSV colour-space offers the opportunity to define ranges of colours taking into account three different channels (see Supplementary Protocol S3). We have defined six colour groups using Col-0 leaf pictures from four independent experiments with different growth conditions, notably with regard to light intensity (see Supplementary Fig.  S2 ). The black background was first identified by filtering pixels based on both V and S channels, defined by V≤15% and S≤10%. The remaining pixels were grouped into bins describing green, green-yellow, yellow, brown, purple, or unknown (Fig. 4A ). To achieve that, H, S, and V distributions of pictures of green, yellow, and brown leaves (classified visually) were examined, thus allowing definition of thresholds for each colour (see Fig. 3 in Supplementary Protocol S3). The purple category comprises all pinkish-purplish colours that are related to anthocyanin production (Fig. 4A) . Although in some cases anthocyanin accumulates during senescence, the purple colour did not only appear in the last stage of senescence progression (from green to brown) but was also found independent of leaf age (e.g. in fully green leaves). All pixels that did not belong to the five defined classes were categorized as unknown. The percentage of each class was then calculated by subtracting background from the total pixel count. Unknown pixels represented only 0.002% across the different experiments. Fig. 4A shows a comparison of colour assignments between ACA and visual inspection. For example, a leaf considered by eye as being globally yellow displayed colour heterogeneity, with 22.6, 75.8, and 1.6% of green-yellow, yellow, and brown colours, respectively.
Here, in long-day and low-light conditions, green-yellow colours reflecting the onset of Chl breakdown during the reorganization phase of senescence appeared 6 weeks after sowing at the whole-rosette level and in leaf 5, and 7 weeks after sowing in leaf 10 (Fig. 4B) . This is one week after the first decrease in Chl content and in atLeaf+ values, but in accordance with modifications observed in F v /F m values (Fig  3) . Indeed, green percentage was linearly and positively correlated to F v /F m values (R 2 =0.76; P≤0.001), whereas green-yellow, yellow, and brown were negatively correlated (R 2 =0.18, 0.17, and 0.68, respectively; P≤0.001). The purple class was represented only marginally over the experiment, reaching a maximum of 0.9% in the termination phase (week 7). ACA was also performed on the wrky53, rev5, and wrky53rev5 senescence-delayed lines over the period of development after flowering (Fig. 4C) . While the different plants displayed a nearly similar whole-rosette pattern 2 d after flowering, Col-0 had a higher green-yellow percentage 7 d after flowering, resulting in a higher brown percentage 12 d after flowering. ACA thus validated the fact that senescence was delayed in these mutants. As for F v /F m values, the different mutants presented similar patterns compared to Col-0 during the maturation of the siliques (Fig. 4C) . ACA thus permits quantification of senescence that is closely correlated to other Chl content-related measurements and can be robust across a variety of image samples.
Molecular and physiological investigations for analysing leaf senescence
Redox regulation: the case of hydrogen peroxide Living cells constantly balance generation and scavenging of ROS in all cellular compartments to keep the redox status under tight control. In Arabidopsis, a network of at least 152 genes including ROS-scavenging and ROS-producing proteins is involved in managing ROS levels (Mittler et al., 2004) . Throughout senescence ROS, especially H 2 O 2 , play a pivotal role in signalling and molecule degradation . Many senescence-associated TFs are highly responsive to H 2 O 2 including, for example, WRKY53 (Miao et al., 2004) ATAF1 (Garapati et al., 2015) . Additionally, plants affected in H 2 O 2 production or with changes in scavenging capacities show altered senescence phenotypes (Barth et al., 2004; Bieker et al., 2012) . In Arabidopsis, the initiation of senescence coincides with an increase in intracellular H 2 O 2 concentrations (Fig. 5A, B) . This temporal loss of anti-oxidative capacity appears to be mainly achieved by a decrease in CATALASE2 (CAT2) and ASCORBATE PEROXIDASE1 (APX1) activities, two key H 2 O 2 -scavenging enzymes (Ye et al., 2000; Zimmermann et al., 2006) . Initially, transcriptional down-regulation of CAT2 leads to increasing H 2 O 2 levels, which in turn induce post-translational inactivation of APX1 (Panchuk et al., 2005) . The inhibition of APX1 activity creates a positive feedback loop driving the first H 2 O 2 peak, which appears to be restricted to the bolting period. As a consequence of high H 2 O 2 levels, CAT3 expression and activity are induced, which then lower the H 2 O 2 levels and contribute to the recovery of APX1 activity. An even more substantial second H 2 O 2 peak occurs during the termination phase of senescence, which most likely originates from degradation processes such as lipid degradation, membrane deterioration, and disruption of the electron transport chains.
Due to the inherent reactivity and instability of ROS, the specific and sensitive detection of intracellular ROS in a biological system is difficult and laborious. Here, we measured H 2 O 2 contents in detached Col-0 leaves (Fig. 5B) using a semi-quantitative method according to Cathcart et al. (1983) . This fluorescent assay uses 5(6)-carboxy-dichloro-fluorescein diacetate (carboxy-H 2 DCFDA), which can react with several ROS including H 2 O 2 , hydroxyl radicals, and peroxynitrite. regulation throughout senescence via H 2 O 2 -scavenging enzyme activities, notably CATALASES (CATs) and ASCORBATE PEROXIDASE 1 (APX1; according to Zimmermann et al., 2006) . (B) H 2 O 2 content in Col-0 leaves over 3-7 weeks after sowing. H 2 O 2 content was measured using a carboxy-H 2 DCFDA fluorescence assay in independent leaves at position 9. Data are means (±SE) of 12 leaves. Different letters indicate significant differences according to the Kruskal-Wallis test at P≤0.05. (C) Illustration of DAB staining in four independent Col-0 leaves from 4-8 weeks after sowing. (D) H 2 O 2 content over 4-6 weeks after sowing depending on Col-0 leaf position: young (leaves 8-12), middle-aged (leaves 4-7), and old (leaves 1-3), according to Bieker et al. (2012) . Data are means (±SE) of at least three replicates. (E) Example of changes in H 2 O 2 pattern in middle-aged leaves using two different lines having altered H 2 O 2 levels in either the peroxisome or cytoplasm, according to Bieker et al. (2012) . Values are means (±SE) of 10-15 biological replicates. Significant differences were analysed according to the Kruskal-Wallis test (*P≤0.05). Arrows indicate bolting (B), flowering (F), and first yellowish siliques (S) stages.
Although more H 2 O 2 -specific dyes such as di-amino-benzidine exist, they are often highly toxic and thus not easy to handle. Furthermore, techniques such as cerium-chloride staining or spin trapping require special equipment such as an electron microscope or an electron paramagnetic resonance spectroscope, respectively. Additionally, cerium chloride has a low cell-penetration efficiency, and thus requires relatively long incubation times. Carboxy-H 2 DCFDA is a non-polar dye able to passively diffuse across cellular membranes. It is trapped inside the cells after deacetylation by an intracellular esterase, rendering the molecule polar. Deacetylated carboxy-H 2 DCFDA can then be oxidized by ROS and is converted to highly fluorescent dichlorofluorescein (DCF). Only intracellular DCF is measured, as extracellular oxidized dye is not able to enter the cells and leaves are rinsed after incubation. In order to get comparable results with different dye stock solutions, calibration of the dye is required. Two options are given here, both include chemical deacetylation followed by oxidation of the dye via H 2 O 2 (see Supplementary Protocol S4). H 2 O 2 content can be expressed on a per leaf basis, or it can be normalized by leaf FW or area in cases of significant size differences between genotypes. For other plant species having larger leaves, a combination of FW and area (e.g. weighed leaf discs with the same diameter) usually gives the best results.
Another possibility to visualize in situ modifications in leaf H 2 O 2 content during senescence is the 3,3´-diaminobenzidine (DAB) staining method, which has to be used with caution because of its toxicity (see Supplementary Protocol S4). Although this method can also be conducted quantitatively, we used it here to analyse the spatio-temporal H 2 O 2 accumulation in leaves (Fig. 5C ). DAB is oxidized by H 2 O 2 in the presence of haem-containing proteins, such as peroxidases, leading to an easily visible dark brown precipitate. This is exploited as a stain to detect the presence and localization of H 2 O 2 in plant cells (Daudi and O'Brien, 2012) . Fig. 5C illustrates DAB staining of individual Col-0 leaves from 4 to 8 weeks after sowing, from an independent experiment. The variations of stain intensity were comparable with the measured fluctuations in leaf H 2 O 2 content during plant development (Fig. 5B, C) . It is also important to note that the leaf position for H 2 O 2 measurement is crucial, because levels increase differently depending on age and position of the respective leaves. The youngest and middle-aged leaves (leaves 8-12 and 4-7, respectively) show a higher increase in H 2 O 2 whereas the oldest leaves (1-3) present a poor and negligible H 2 O 2 peak ( Fig. 5D ; Bieker et al., 2012) .
To illustrate the contribution of H 2 O 2 measurement for senescence analyses, we present some examples of Arabidopsis lines affected in leaf senescence. Two prevalent changes in H 2 O 2 pattern can be observed, mainly related to modifications in H 2 O 2 peaks. Fig. 5E shows results of two different lines having an altered H 2 O 2 level in either peroxisomes or cytoplasm by the overexpression of the fusion Escherichia coli protein OxyR-RD-cpYFP (Belousov et al., 2006; Costa et al., 2010) that consumes H 2 O 2 . Both transgenic lines have clearly shown a slower senescence progression (Bieker et al., 2012) . The H 2 O 2 peak observed in wild-type plants at bolting (here at 5.5 weeks after sowing) occurred at the same time point in both transgenic lines but with significantly reduced amplitudes (Fig. 5E ). On the other hand, a delay in senescence can also translate into a delay of the H 2 O 2 peak with equal amplitude compared to Col-0 plants, as it was shown for wrky53 knockout lines, which are delayed in senescence initiation (see Supplementary Fig. S3 ).
As well as the intracellular H 2 O 2 content, CAT and APX activities can also be used as early physiological markers of senescence. Their activities decrease in Arabidopsis at a very early stage during bolting time and before the beginning of Chl breakdown (Supplementary Fig. S4 ; Zimmermann et al., 2006) . This has also been observed in other plant species, for example oilseed rape and sun flowers (Agüera et al., 2010; Bieker et al., 2012) . Here, we give two different protocols to monitor the activity of these enzymes (see Supplementary Protocol S5). Native PAGE followed by in-gel activity staining allows the visualization of changes at the isoform level, but quantification is not easily feasible in a reproducible manner. In contrast to in-gel activity profiling, photometric assays can easily quantify total enzyme activities, but isoform-specific alterations cannot be detected.
Genetic regulation of age-induced leaf senescence markers
Identifying the dynamic changes in transcript levels gives helpful clues about key switch points in the different leaf senescence phases. Transcriptome studies using expressed sequence tag libraries and A. thaliana genomic arrays have revealed that senescence involves the expression of thousands of genes and many signalling pathways Buchanan-Wollaston et al., 2005; Breeze et al., 2011) . Genes up-or down-regulated in expression are grouped into two categories: senescence-associated genes (SAGs; Lohman et al., 1994) and senescence down-regulated genes (SDGs). Among these genes, many TFs have been identified as key regulators in the control of senescence and can be used for characterizing senescence progression, such as NAC, WKRY, MYB, bZIP, and bHLH family members (Liu et al., 2010; Li et al., 2012) . In this large network, we have chosen some A. thaliana key SAG and SDG markers at both early and late senescence stages, which we recommend as a basic set (Table  1, Fig. 6 ). However, other marker genes might also be suitable if specific functional aspects of senescence need to be analysed in detail. Gene expression levels were followed by qRT-PCR of Col-0 leaves over four consecutive weeks ( Fig. 6 ; see Supplementary Protocol S6). Samples harvested in the last week (week 7) were removed from the analyses because leaves were almost completely senescent and dead, and hence only very low amounts of RNA could be isolated and no reliable transcript levels were detected. Transcriptional changes were calculated based on the comparative C T method (Pfaffl, 2001) and normalized to ACTIN2 levels (Panchuk et al., 2005) .
SAGs are up-regulated during senescence but their expression patterns in the course of plant development are quite variable due to the large spectrum of their functions (Lohman et al., 1994; Weaver et al., 1998) . Many SAGs also respond to environmental stresses and can be considered as integrators of the different signalling pathways controlling stress responses and/or age-dependent senescence (Weaver et al., 1998) . Generally, SAG12 and SAG13 expression are the most extensively used SAG markers, reflecting late and early status of senescence, respectively. SAG12 has been strictly associated with naturally induced senescence (Noh and Amasino, 1999) . It encodes a putative cysteine protease, located predominantly in senescence-associated vacuoles involved in protein degradation (Carrión et al., 2013) . In oilseed rape, the SAG12/Cab expression pattern has been shown to reflect the transition from sink to source tissue for nitrogen (Gombert et al., 2006) . Although SAG12 is involved in the massive proteolytic processes in later senescence stages, its specific targets and functions in Arabidopsis senescence are still unclear as mutants have shown no altered senescence phenotype and display normal growth and development (Otegui et al., 2005; MasclauxDaubresse et al., 2010) . Nevertheless, its expression is regulated in a developmentally controlled, senescence-specific manner (Noh and Amasino, 1999) . SAG12 is highly up-regulated at the mRNA level only in senescent tissues (week 6; Fig. 6A ). SAG13 encodes a protein related to a short-chain alcohol dehydrogenase and/or oxidoreductase (Gan, 1995) and is quite differently regulated from SAG12. Expression rose slightly before senescence initiation (week 4) and then progressively increased (Fig. 6B) . Modifications in the dynamics of SAG12 and SAG13 expression have been shown in various mutants affected in senescence (e.g. He and Gan, 2002; Miao et al., 2004) .
In addition, the NAC and WRKY families constitute the two largest groups of TFs in the senescence transcriptome (Guo et al., 2004) . They represent valuable markers playing central roles in senescence (Guo and Gan, 2006; Zentgraf et al., 2010) . As key senescence-related TFs, WRKY53 and ANAC092 have been shown to affect the expression of many known senescence-regulated genes involved in, for example, reallocation of nutrients, cell wall modifications, and amino acid and hormone metabolism (Balazadeh et al., 2010) . Here, qRT-PCR analyses revealed that WRKY53 expression can be used as a very early senescence marker, showing a strong increase at 4 weeks after sowing, when plants started to flower but no visible signs of senescence and no significant increase in SAG12 and SAG13 expression were observed (Figs 3, 4 , 6A-C). ANAC092 expression also increased with senescence initiation, but reached its maximum expression levels at later stages in senescent leaves (week 6; Fig. 6D ), as previously determined by Balazadeh et al. (2008) .
Some other SAGs involved in senescence-related processes were chosen to complete the overall picture. ATG7 belongs to the autophagy-associated gene family, composed of 30 genes identified in yeast and A. thaliana (Bassham et al., 2006) . Extensive cell death and early yellowing have been shown in leaves of a number of atg-defective Arabidopsis mutants such as apg7-1 (Doelling et al., 2002) , atg5 (Sakuraba et al., 2014) , apg9-1 (Hanaoka et al., 2002) , and atg4a4b-1 (Yoshimoto et al., 2004) . ATG7 encodes an E1 enzyme, which is a ubiquitin-like autophagy protein involved in intracellular protein degradation (Thompson and Vierstra, 2005) . It has been shown to be required for proper nutrient recycling and senescence (Doelling et al., 2002) . The timing of ATG7 expression might be a control point for autophagy activation in senescing leaf cells. Moreover, its expression is heavily enhanced in parallel with the breakdown of photosynthetic capacity during the reorganization phase (Breeze et al., 2011) . In our growth conditions, ATG7 expression showed a slight initial up-regulation 5 weeks after sowing, indicating the first step of the degradative processes while photosynthetic capacity did not appear to be affected. The latter started to decline when ATG7 expression was maximal (Figs 3C, 6E) . Orendi et al., 2001; Zimmermann et al., 2006; Du et al., 2008 Senescence down-regulated (SDGs): down-regulated during senescence CAT2 At1g58030 Encodes a heme-containing enzyme with catalase activity to detoxify H 2 O 2 Orendi et al., 2001; Zimmermann et al., 2006; Du et al., 2008 RBCS1A At1g67090 Encodes a member of the Rubisco small subunit (RBCS) multigene family Mae et al., 1984; Izumi et al., 2012 
CAB1

At1g29930
Encodes a subunit of light-harvesting complex II (also called LHCB1.3) Green et al., 1991; Weaver et al., 1998 The TF ZAT12 responds at transcript levels to a plethora of abiotic and biotic stresses and is notably involved in cold and oxidative stress signalling in Arabidopsis (Rizhsky et al., 2004b; Vogel et al., 2005) . ZAT12 might be related to leaf senescence by its strong implication in ROS signal transduction (Miller et al., 2008) . ZAT12 expression is notably induced by H 2 O 2 (Davletova et al., 2005) , which accumulates in A. thaliana cells during senescence initiation at bolting ( Fig. 5A-C) . In addition, during oxidative stress, ZAT12 was shown to be required for APX1 expression (Rizhsky et al., 2004a) . In our experiment, ZAT12 transcript abundance showed a strong rise at very early stages (week 4), which is concomitant with an increase in H 2 O 2 content at this time point. However, the ZAT12 expression increased steadily during senescence progression, not following the H 2 O 2 leaf content dynamics (Figs 5, 6F) . Furthermore, APX1 expression is also not induced during senescence progression (Panchuk et al., 2005) , indicating a more complex function of ZAT12 in the senescence regulatory network.
CAT2 and CAT3 also play a key role in H 2 O 2 metabolism (Fig. 5A) , as they catalyse the decomposition of H 2 O 2 to water and oxygen without need of reducing equivalents (Du et al., 2008) . The Arabidopsis CAT family is a good example of a gene family containing SAGs as well as SDGs. While two members, CAT3 and CAT1, are SAGs with different dynamics, CAT2 belongs to the group of SDGs. Their role during leaf senescence is well documented (e.g. Orendi et al., 2001; Zimmermann et al., 2006) . The development of senescence symptoms is correlated with modifications of CAT activities: CAT2 activity decreases at an early stage during bolting, whereas CAT3 activity increases with plant age (Zimmermann et al., 2006) . Consistent with this, CAT3 expression started to increase with senescence initiation and reached maximal expression in senescent leaves. In contrast, CAT2 is down-regulated during leaf senescence (Fig. 6G, H) .
In contrast to SAGs, SDGs are not generally assumed to actively participate in the senescence regulatory network itself but instead they reflect a more general reduction of the leaf maintenance machinery. Interestingly, using multi-parallel qRT-PCR, Balazadeh et al. (2008) have found more TF genes being down-regulated than up-regulated during senescence. Here, we have chosen two key SDGs that are often used as senescence-markers and that reflect the breakdown of photosynthetic capacity (Table 1, Fig. 6I, J) . The RBCS1A and CAB1 genes both have important roles in photosynthetic CO 2 fixation (Izumi et al., 2012) . Senescence-correlated losses in photosynthetic capacity are usually associated with alterations in their protein activities. Rubisco is a critical enzyme of the Calvin cycle and the most abundant chloroplast protein, comprising approximately 50% of soluble proteins (Wittenbach, 1978) . Rubisco content changes greatly during a leaf's life span and is one of the proteins broken down early during senescence. Fragmentation of the Rubisco large subunits is notably induced by ROS (Desimone et al., 1996) . Rubisco is transported from chloroplasts to the vacuole by autophagy for degradation (Ishida et al., 2008) . It has been shown in wheat that the amount of Rubisco decreases rapidly in the early leaf senescence stages, although more slowly in the later stages (Mae et al., 1984) . Moreover, Rubisco subunits were found to be controlled at the translational levels during rice leaf senescence (Suzuki and Makino, 2013) . Here, RBCS1A in Col-0 leaves showed a reduction of 50% of its transcript levels at 4 weeks after sowing, which appears to be early compared to the breakdown of photosynthetic capacity. Its expression then gradually decreased during senescence progression (Figs 3C, 6I) . CAB1 belongs to the LHC gene family and encodes for a subunit of the light-harvesting complex II (Green et al., 1991) . It has been shown that LHCB gene expression is tightly regulated by developmental cues as well as by multiple environmental signals, particularly including light or oxidative stresses (see references in Liu et al., 2013) . Decreased CAB1 expression is also associated with reduced photosynthetic activity as plants senesce (Li et al., 2013) . Fig. 6J shows that CAB1 presented a similar pattern to RBCS1A, but with a weaker decrease at 4 weeks after sowing.
All these markers acting in various key senescence-related processes give a global picture that includes the initiation, reorganization, and termination phases of leaf senescence. Moreover, they do not act individually but in a complex network with many possible interconnections.
Membrane integrity
During senescence, the membrane undergoes biochemical and biophysical changes leading to the final collapse of the cell. The plasma membrane of senescing cells becomes fragile and permeable. Membrane proteins and lipids are oxidized and degraded. This leads to dramatic modifications in lipid composition and a decrease in solute retention (Dhindsa et al., 1981) . We suggest estimating cell membrane integrity during senescence through measurements of EL and lipid peroxidation. EL is a well-established method to analyse disruption of cell membranes manifested by the leaking of solutes out of leaves that occurs under various stresses (e.g. Debrunner and Feller, 1995; Campos et al., 2003) or ageing (e.g. Rolny et al., 2011 ). An increase of EL reflects an extensive disruption of plasma membranes during leaf senescence (Lim et al., 2007) . During the reorganization phase, although cell membranes exhibit no massive degradation, EL can also increase due to the accumulation of leaf ammonium resulting from protein degradation (Rolny et al., 2011) . Slower increases in EL indicate a delayed senescence phenotype, as shown for example in ore1 mutants affected in ageing-induced cell death (Kim et al., 2009) . EL is often quantified in detached leaves by measuring conductivity of a bathing solution (e.g. Saltveit, 2002; Campos et al., 2003; Rolny et al., 2011) . Here, we present senescence-induced effects on EL for single detached leaves of Col-0 measured by a conductivity meter (CM100-2, Reid & Associates, Durban, South Africa; Fig. 7A, B) . Leaves were first washed in deionized water to remove solutes from the surface. The conductivity of the bathing solution (deionized water) was measured every hour for 20 h. The slope of a fitted linear curve was then used to quantify the EL velocity, which can be normalized by leaf FW or area (see Supplementary Protocol S7). EL expressed by FW showed an initial increase during senescence initiation at flowering (week 4), which also coincides with the first increase in H 2 O 2 content (Figs 5B, 7A). EL then showed a slight but still constant increase during the reorganization phase (weeks 5-6) and a strong peak in fully senescent leaves in the termination phase (week 7), which reflects cell death (Fig. 7A) .
Lipid peroxidation can also be used as an indicator of membrane deterioration during senescence (Dhindsa et al., 1981; Ahmad and Tahir, 2016) . Lipid peroxidation is the consequence of the oxidative degradation of polyunsaturated fatty acids, through auto-oxidation or ROS, occurring during ageing. This induces the production of a large variety of oxidation products such as malondialdehyde (MDA), propanal, hexanal, and 4-hydroxynonenal (Ayala et al., 2014) . MDA concentration is one of the most widespread and reliable markers of lipid peroxidation in plant tissues (Del Rio et al., 2005) . Here, we utilized an improved thiobarbituric acidreactive-substances assay (TBARS) developed by Hodges et al. (1999) . This method is based on spectrophotometric measurement of a pinkish-red adduct between MDA and two molecules of TBA with a maximum absorbance at 532 nm (Janero, 1990; Hodges et al., 1999) . Certain compounds, such as anthocyanin and carbohydrates, may interfere with the measurements at this wavelength and thus could lead to an over-estimation of MDA levels. To estimate and correct for the interference of non TBA-complexes, another reaction with the same plant extracts but without TBA is used and the values are subtracted from the corresponding reaction containing TBA. Total anthocyanin levels are determined as the difference between absorbance at 532 and 600 nm (Hodges and Nozzolillo, 1995) , which is also used as a physiological parameter of senescence progression. Furthermore, in addition to lipid peroxides, sugars can also bind to TBA, Fig. 7 . Loss of membrane integrity during leaf senescence. (A) Electrolyte leakage (EL) in Col-0 leaves over 3-7 weeks after sowing. EL was measured in single detached leaves (position 4) using a conductivity meter (CM100-2, Reid & Associates, Durban, South Africa) and normalized to leaf fresh weight (FW). Data are means (±SE) of 12 leaves. (B) A representative picture of leaves used for EL. (C) Lipid peroxidation in Col-0 leaves over 3-7 weeks after sowing. Lipid peroxidation was measured using two distinct pools each of six independent leaves (position 9). Data are means (±SE) of two biological and two technical replicates. Different letters indicate significant differences according to the Kruskal-Wallis test at P≤0.05. (D) Example of lipid peroxidation measurements in knockout mutants delayed in senescence (wrky53, rev5, and rev5wrky53) according to Xie et al. (2014) . Data are means (±SD) of at least three biological replicates. Comparison of means and determination of statistical differences was carried out using Student's t-test (*P≤0.05, **P≤0.005, and ***P≤0.0005). (E) Total anthocyanin content in Col-0 leaves over 3-7 weeks after sowing, measured during lipid peroxidation determination. Arrows in (A, C-E) indicate bolting (B), flowering (F), and first yellowish siliques (S) stages.
and therefore a further measurement at 440 nm is made. The MDA concentration is then corrected using these three measurements according to Hodges et al. (1999) . For senescence analyses, corrections for interfering compounds are indispensable as plants can accumulate anthocyanin and sugars in their leaves during senescence. Normalization of MDA levels is not normally necessary as the same amount of sample is used for extraction (see Supplementary Protocol S8). If this is not the case, normalization to allow for differing amounts of sample is still possible. Here, MDA levels measured in Col-0 leaves showed a global increase over the time course, which was highly correlated with increased EL (Fig. 7A, C ; R 2 =0.81; P≤0.001). This illustrated the age-dependent degradation of cell membranes, which showed a progressive loss of integrity from flowering until irreversible and fatal damage occurred in fully senescent leaves during the termination phase. As an example, we have compared Col-0 plants to wrky53, rev5, and wrky53rev5 mutants that are delayed in senescence. Lipid peroxidation showed an accelerated increase in Col-0 leaves at 7 weeks after sowing compared to the mutants. As shown for the results for F v /F m and ACA, wrky53 recovered to Col-0 values in the termination phase of senescence (Figs 3D, 4C, 7D; Xie et al., 2014) . Interestingly, it could be shown that levels of lipid peroxidation were related to levels of senescence (via Chl content) in the different mutants (Xie et al., 2014) . As for lipid peroxidation, total anthocyanin levels started to increase in week 6 and reached very high levels during the terminal phase in week 7. This also correlated with the results obtained from the ACA (Figs 4, 7E ).
Conclusion and perspectives
This paper proposes a guideline for analysing senescence in a dynamic manner using different early and late markers in key senescence-related processes involved during the initiation, reorganization, and termination phases. We provide a novel simple and automated quantification of leaf senescence, which also allows the quantification of anthocyanin in senescing leaves. We did not want to make an exhaustive list of all the methods that exist, but rather give a simple directive for starting analysis of different plants and/or abiotic and biotic stresses, which could affect leaf senescence. This can serve as a basis for identifying senescence-associated genes as well as natural diversity that can then be extended to a deeper analysis to answer specific questions depending on the study. For example, amongst the different key markers, hormone and sugar signalling can be investigated for senescence analyses.
We also wanted to emphasize that a clear distinction must be made between plant development and the onset or progression of leaf senescence. Bolting/flowering time (and by extension stem length) is often considered as a marker of the onset of senescence in annual plants; however, although senescence usually starts at bolting, it is not correlated to the progression of senescence across leaves. For instance, Koornneef et al. (1991) have shown that two A. thaliana mutants (co-2 and fca) exhibit a delay in flowering but have a normal progression of leaf senescence. This clearly illustrates that leaf senescence and reproductive development should be considered as dissectible processes.
All the methods presented here were described for Arabidopsis but can easily be adapted to other plant species, for example as already shown for oilseed rape (Bieker et al., 2012) . As senescence is an important trait in agriculture, analysing senescence in crop plants is already a significant issue and will become more and more important. Therefore, a detailed analysis as described here but applied to crop plants showing altered senescence will lead to a better understanding as to which part of the senescence program is actually affected by specific genome changes. This would give early hints on whether the modifications in senescence might interfere with yield stability and stress resistance of high-performance crop plant lines.
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